Cardiac volume was determined by a simplified Rohrer-Kahlstorf method in 305 healthy children and adolescents. The ages ranged from birth to 19 years. Height and weight were comparable with normal growth standards. Race, sex, age, height, weight, and body surface area were studied for their value in predicting cardiac volume. Cardiac volume was different in males and females (P < 0.005) and was more closely predicted by weight than by body surface area. In this study body weight has been used as a single predictor of cardiac volume for both sexes. Normal values are presented and the limitations of the technique discussed.
Public Health Service, and by grants from the Texas and Bay Area Heart Associations. Computation facilities provided by Grant films were exposed with the patient erect except those of small infants in whom anteroposterior supine films were made. The cardiac volume was estimated in each case by a simplified method. '9 Detailed clinical records of each subject were reviewed. Those with clinical evidence of cardiopulmonary disease and those who were obese, pregnant, malnourished, or dehydrated, or who had abnormal blood counts or urinalyses were excluded. Subjects whose height or weight was not compatible with growth data of Stuartl6 or of Falknerl7 were excluded from the study also.
Three hundred and five subjects were studied. They were attending outpatient clinics or were hospitalized while awaiting elective surgery (for example, repair of hernias and burn scars). The simplified method of estimating cardiac volume was based upon the principle of approximating the heart to an ellipsoid, using a constant magnification factor for the 6-foot distance between target and film (183 cm) .19 Cardiac
where M or the correction factor for magnification 1.19 Circulation, Volume XXXV, March 1967 L = long diameter of the heart, from the junction of the superior vena cava with the right atrium, to the cardiac apex.
W=width of the heart: sum of the distances at right angles to the long diameter of the heart, to the cardiophrenic angle on the right, and to the cardiovascular junction on the left. D = depth of the heart from the most posterior aspect of the heart shadow to the posterior border of the sternum. Reproducibility of the measurements of cardiac volume was evaluated by comparing the results of the observer reading the total sample (M.H.S.) with those of the other two authors. Delineation of cardiac axes was left to individual discretion. Ninety-three sets of chest roentgenograms selected from all age groups from the total of 305 subjects were independently examined. The value of a predictor of cardiac volume, consistent rater bias, and random error of measurements were studied.
The cardiothoracic ratio was defined as the sum of the maximal distances at right angles from the midthoracic plane ( Abbreviations: Y = cardiac volume in milliliters; X = body weight in pounds. Abbreviations: Y cardiac volume in milliliters; X = body weight in pounds.
*The number of cases in which both body weight and surface area were known. The samples were not grouped according to sex. Minor variations in radiological technique produce insignificant changes in results,26 especially if the target-to-film distance is long enough, is held constant, and the patient is close to the film.
One possible source of error resides in extending the ellipsoidal approximation to irregular heart contours. In the case of enlarged hearts tending to have two or three equal diameters, the present assumption remains valid. Compared with other techniques, the ellipsoidal method results in a slight underestimation27 but results were within 5% of the displaced cardiac volume for cadavers' hearts.28 A constant magnification factor (M) of for films exposed at a distance of six feet (183 cm) from the target, was found suitable for a large number of persons. For small infants with an anteroposterior distance of 7 cm and lateral distance of 7 cm from the center of the heart to the film, the basic constant may result in up to 6% underestimation of cardiac volume. Comparing all our data with those of Axen and Lind29 who measured the heart volume in 45 infants by an elaborate technique, we found that the 95% limit of the total group in the present study (Y = 6.6 X) accounted for 41 cases (or 91%). A single constant was therefore used for convenience.
Variations in cardiac volume may occur during change from the recumbent to the erect position,30 from diastole to systole when the heart rate is slower than 70 beats per minute, or during phases of respiration. 31' 32 In unfavorable circumstances,26 these factors have been found to amount to less than 12% error at a confidence limit of to.o. Nevertheless, consecutive exposures at right angles, which rarely fall precisely in end systole or end diastole, the relatively fast heart rate in young subjects, and a standardized practice of exposing films in moderate inspiration assure reasonable reproducibility of the radiological technique.
Although observer variation resulted in no more than an 8% error in 95% of the cases, a value of 10% is suggested as an index of true change of volume for enlarged hearts because of ease of estimation. Rater consistency falling within 4% of the mean26 is not different from measurements by separate readers.
A drawback of the method is that estimation of cardiac volume includes the pericardial space and the contents of adjoining vessels.33 For a given patient, rapid change of adjacent vascular volume is not expected to be large over short periods of observation. Rheumatic pericardial effusion is rarely enormous,34 nor does it persist in spite of antirheumatic treatment34 or cause symptoms35 for months or years as in cases of severe cardiomegaly. When in doubt, serial determinations of cardiac volume, angiocardiography, radioactive scanning, or a diagnostic tap will help in detecting an effusion.
Characteristics of the Study Sample
Selection of normal chest roentgenograms as controls may exclude extremes of normal heart size. However it includes the normal limits as commonly agreed upon by radiologists and cardiologists.
Originally subjects were chosen to cover adequately all age groups ( fig. 1) The choice of either body weight or body surface area as a predictor of cardiac volume is most difficult. In reported series4 6 '0, 1 14, 40 neither has superior correlation with heart volume. An apparent paradox is their low correlation in some series.", 12 The explanation can usually be found in reviewing these samples. The magnitude of a correlation or regression coefficient depends upon the range of values for the independent variable. Selection of any limited band of body weight or surface area will cause correlation to drop sharply because of restriction in range for the variable. Extrapolation of results from such samples becomes questionable.
A universal finding however is that height does not correlate well with cardiac volume. Its use as an adjunct to weight does not improve the prediction of the latter.4' In the present study, predicted normal limits of cardiac volume by body weight are closer to the regression lines (29 to 34%) than limits predicted by surface area. The use of weight is more precise and eliminates an additional measurement (height). In heart disease, the ratio of cardiac volume to weight might provide a more sensitive index than the CVI. The close correlation between cardiac enlargement and the clinical course of rheumatic mitral insufficiency requires consideration of the underlying mechanism. True cardiac enlargement was confirmed in four group 3 patients in whom the pericardia were opened. The total cardiac weight in two autopsied cases was no more than 25% of the radiographically determined cardiac volume. A significant fact is that with severe cardiac enlargement there are no detectable volume changes during the cardiac cycle.46 Presumably, the right and left forward stroke volumes diminish relative to increased cardiac volume and fall within the 5% error of the ellipsoidal approximation technique. For this reason, an increase of ventricular residual volume compared with diminution of forward stroke volume is not considered to be responsible for the progressive cardiac enlargement detectable by the technique.
The mitral regurgitant volume during systole subsequently returns from the left atrium to the left ventricle. In either diastole or systole, the left heart volume is augmented by this amount which is accompanied by a proportional increase in the left ventricular residual volume.47 Atrial residual volume may be large in atrial fibrillation. Progressive enlargement of the left heart occurs if the regurgitant stroke or residual volumes are augmented. Fibrosis and retraction of the mitral valve or chordae tendineae may increase the regurgitation. Further increase of residual volume in the left ventricle or atrium may lead to dilatation of these chambers and perpetuate a vicious cycle.48' 49 Tricuspid insufficiency may result with right ventricular hypertension secondary to left heart failure or increased pulmonary vascular resistance. 50 Rapid increase in heart volume during the terminal decline may be accentuated by tricuspid regurgitation which was recognized in some cases in this study.
Comparing the three groups of patients (figs. 5 to 8), the results of the present study support the concept that the future course of rheumatic mitral insufficiency is determined by the severity of the initial 5NGHIJEM ET AL. 
